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NOMENCLATURE

£ nondimensional stream function. . . e
g temperature ratio
H total en?halpy
L distance of the stép from the leading edge
1 step height
M . Mach number
p pressure
s injection slot height
T temperature
U velocity
u x~component of velocity
v y-coﬁponent of velocity
vy cooling effectiveness
€ eddy viscosity
7 similar variable
: 0.V,
Y mass flow ratio = ~—b—t
0%
0 density
o angle of the shock
Y coordinate defined in (1)
U stream function

Subscripts

i jet conditions
P infinite conditions
e external conditions



ad adiabatic
W wall

o stagnation
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ABSTRACT

The flow field resulting from the interaction of an upstfeam facing wall
jet with a supersonic counterflowing stream has been investigated. A flow field
model and the main parameters governing the phenomena were determined from
quantitative and qualitative experimental observations. Experimental results for
different ranges of the main parameters are presented. A theoretical analysis
was performed to describe the flow field in the mixing region between the two
counterflowing streams. The results obtained by applying a locally similar
solution compare favorably with the experimentally measured values. Large values
of jet penetration were obtained with a high subsonic or low supersonic jet;
large interaction forces are characteristic of higher supersonic injections. For
the case of large penetration the cooling effectiveness presented as a function

of the main parameters indicates the possibility of interacting cooling applica-

tions. .
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I. JINTRODUCTION

The interaction of an upstream facing wall jet with a hypersonic counter-
flowing stream gives rise to a complex flow field. The description of this flow
field is interesting for the general understanding of complex interaction prob-
lems and for possible engineering applications. The injected gas penetrates up-
stream and then reverses interacting with the mainstream flow. A high mixing
rate between the two counterflowing streams is characteristic of this flow field.

Depending on the issuing jet conditions, different degrees of penetration and

interaétion can take place with correspondingly gréatly diverse flow field
structures,

Different ﬁechnical applications can be appropriate to the various cases,
in particular, the large jet penetrations is attractive for cooling problems,
the high mixing rate for combustion problems, and large interaction forces are
usefﬁl for applications to the hypersonic control of vehicles moving through the
atmosphere. 'The purpose of the present study has been to obtain a qualitative and
quantitative description of the flow field generated by the two interacting
streams; in particular to determine the main parameters governing the flow field
and their influence on the penetration and the interaction phenomena. An ex-
perimental investigation has been conducted for this purpose and a flow field
model developed. The results of the theoretical analysis based on this moael

are compared with the experimental data.

II. DESCRIPTION OF THE PHYSICAL PHENONEMA

A, Qualitative Observations Concerning the Flow Field Configuration

The flow field resulting from the upstream injection through a wall slot on a

forward facing step, incorporates several characteristics of simpler flow fields,

[



namely:

i) the flow field produced by a free jet issuing into a supersonic counterb
main stream,

ii) the flow field produced by a forward facing step in a supersonic stream.
In the first case.(e.g.vRef. 1) the ﬁain features of the flow are a bow shock
across which the main stream decelerates on an interface that separates the jet
flow from the main flow and, if the jet is supersonic, a second shock system
associated with the injectant. 1In the second case (e.g. Ref. 2) a dividing
streamline separates the dead water region that forms in front of the step from
the main flow. A mainstream shock is associated with the shape of the dividing
streamline.

In the present investigation, the phenomena can be seen to incorporate some
of the features of the above flow fields. The flow field resulting from the
upstream injection along a wedge wall into a supersonic (Mach 6) main stream is
illustrated with shadowgraph picutres and explanatory sketcheé of the flow field
in Fig. 1 for a subsonic jet and in Fig. 2 for a supersonic jet. Typical pressure
and temperature distributions for both cases are also shown in Figs. 1 and 2.

The boundary layer separates, as in case (ii) since the main stream has to
overcome & large adverse pressure gradient generated by the injectéd flow and by
the step which, together act as an obstruction to the main stream. The injected
flow is separated from the main stream, as in the case (i) by a dividing stream-
line whose position is determined by the condition of equal pressures on both
sides at the stagnation point. The jet total pressure is decreased to the value
on the dividing streamline by the dissipative effect of viscosity. ‘The viscous
dissipation occurs not only through the mixing and the shock (if the jet is

supersonic) as in the upstream free jet case, but alsoc through the effect of the



boundary layer on the wall.

B. Flow Field Models and Governing Parameters

The physical phendmena illustrated above can be séhematically represented
by the flow field models schetched in Figs. 1 and 2. In the subsonic case (Fig.
the injected flow decelerates through the action of mixing. The pressure being
approximately constant as shown by the présent experiments. The jet flow mixes
initially with the co-flowing stream of the recirculation region generated by
the step in the injection system, and then with the primary flow. The jet flow
reverses because of the difference in momentum and mass flow in the direction of
the main stream. The distance needed to dissipate through mixiné the jet kinetic
energy (i.e. the penetration of the jet) increases with the jet total pressure.
If the jet is supersonic (Fig. 2) a shock system forms to permit the jet stream
to flow in the opposite direction. The jet's kinetic energy dissipation and the
shock boundary layer interaction induce a turning of the streamlines, impeding
the injected gas from penetrating relatively large distances along the wall. The
ensuing expansion gives rise to a reverse flow that has a radius of curvature
proportional to the jet Mach number; A large radius of curvature produces a bow
shock in front of the reverse flow which increases the shape of the main shock,
(i.e. the interaction between the two streams). In both cases the main stream
has to overcome the obstacle presented by the secondary jet and its boundary
layer separates because of the adverse pressure gradient. The separated region
of the main stream exchanges momentum by mixing with the injected flow which is
also separated near ﬁhg dividing streamline.

These qualitative observations suggest that the impoftant parameters govern-
ing the structure of the flow field are:

a) the kinetic conditions of the two streams and their reference Reynolds

1



number.
. .U,
b) the mass flow ratio or mixing parameter } =

u
'Oee

c¢) the geometrical parameters d. =

111, EXPERIMENTAL INVESTIGATION

A) Description of the Experiments

The experiments were conducted in a Mach 6 blowdown wind tunnel at New York
University Aerospacé Laboratory. For this series of experiments, the .stagnation
pressure was maintained between 1000 to_1299mggigwgpq‘§he stagnation temperature
was maintained in the range of 600-900°R. Consequéntly, Reynolds number of the
order of 108 were achieved. The model was a two-dimensional wedge instrumented
with thermocoupies and pressure taps on both surfaces (Fig. 3). It had a slightly
blunt leading edge of 1/32" radius. .The wedge half-angle was Q?Nand two 3" wide
injection chambers were built above the upper and lower surfaces of the wedge.

The injection chambers were designed to have interchangeable nozzles, so as to
vary the injection Mach number. A variation of the geometrical parameters s/4
and 4,/L was achieved by the addition of streams that gave different values for
the height of the exit section of the nozzle (s) and the height of the step ().
The injectant was air, cooled by liquid nitrogen. The injected air temperature
was maintained in the range of 250-350°R. Different values of the parameter 3}
were obtained by varying Mj and Tj.

The experimental output consisted of tunnel and injection flow conditions,
shadowgraph pictures, and static pressure and temperature measurements on the
region between the leading edge of the wedge and the injection slot. Heat transfer
and adiabatic temperature.values were also computed by the transient method (Ref. 3)
from thé temperature distribution in time. The transient method requires that the

thermocouples to be on the inside surface of a thin shim mounted flush to the



wedge surface. Corrections were made to overcome the effects of heat conduction

within the shimstock to which the thermocouples are attached.

B) Presentation and Discussion of the Results

Diagrams of the measured and reduced quantities are presented here as func-
tions of the position coordinates normalized by the distance L between the slot
and the wedge leading edge. A few typical distributions are shown in Figs. &
and 5 for different injection conditions. The pressure distribution shows the
classical trend of boundary layer separation regions and downstream of the
reattachment, a second larger plateau, corresponding to the mixing reéion of the
tow counterflowing streams. The adiabatic wall temperdture distribution shows
a smooth decrease in value in the recirculation region of the jet, from that
upstream of the separation point. The temperature decrease is steeper in the
first pressure plateau region where the wall begins to be influences by the jet
stream stagnation temperature. ;

'As stated previously, two physical quantities which are of relevant signifi-
cance in determining the flow field structure are the penetration distance and
the degree of interaction between the two streams. The penetration distance was
determined from a combined observation of the following experimental output:

a. pressure distribution - by the region of>the first pressure plateau
b. adiabatic wall temperature distribution - by the point where the
adiabatic wall temperature drops rapidly from the mainstream value

c. shadowgraph pictures - by the point where the dividing streamline inter-
sects the body surface.

The degree of interaction of the jet stream with the mainstream was de-
termined from:

a. the pressure change (%E> corresponding to the large plateau, produced

by the injection



b. the slope and therefore the strength of the coalesced shock formed by
the bow and the separation shocks. |
The variation of the penetration distance and of the degree of interaction, as
determined by the above criteria, with the jet Mach number are illustrated in
Fig. 6. The penetration is proportional to the total momentum when the jet 1is
subsonic or low supersonic. For the latter this conclusion holds if the height
of the jet is sufficiently small compared to the mixing length, so that the
supersonic injectant flow becomes subsonic by viscous mixing dissipation without
a local shock. If the jet is supersonic and a jet shock is present, the penetra-
tion decreases, as discussed in Section 2, while the interaction increases. For
cooling applications, the dependence of the penetration distance on the geometric
parameters s/{ and f/L and on the mixing parameter }, is best correlated by the

cooling effectiveness vy, defined as a function of the adiabatic wall temperature

- T
- aw QOco
Y T - T
0] 0w

The variation of y was determined as a function of a new parameter, v defined as

the product of powers of the main parameters
0.75 -1.5 0.45

X s '
.S =2 1
=&)WY @
The exponents in the above expression were determined (Ref. 4) from logorithemic

plots of vy versus each parameter at constant values of the other two. Plotting

v in this new defined variables, a straight line correlation is obtained (Fig. 7)

y =C-Kx
The validity of the suggested correlation extends over the complete range of the

measured values. The above correlation indicates the possibility of using the



upstream injection scheme for cooling purposes. Particularly intéresting, from a
technical point of view, is the application of this scheme to the leading edge
cooling of a body in a supersonic stream, when the total pressure lgsses through
the bow éhock must be maintained relatively small., A study of this application

is presented in detail in Ref. 4.

IV, THEQRETICAL ANALYSIS

A, (General Comsiderations

Following the flow field model described in Section 2, the mixing between
the two counterflowing streams essentially governs the structure of the flow
field under consideration, if the upstream jet is subsonic or low supersonic,

This case is particularly important when high jet penetration is desired, as in
the case for cooling applications.

The mixing region of the flow field model is amenable to theoretical analysis
+ if the usual boundary layer approximations are assumed to be valid. The pressure
can also be assumed constant in the region of interest, as inferred by the ex-
perimental observations (Section 3). With these assumptions, the mixing region
of the flow field is governed by the conservation equations for turbulent com-

pressible boundary layer with zero pressure gradient

U _..=§..<n§ll.\ /
SR TV Sy T ey A\ 3y) 2)

dH S 3 < SHY
po=A + T —a— 3 =it
S S A

The flow field in the mixing region is essentially nénsimilar because of the jet

velocity decay in the upstream direction., A locally similar analysis was con=-

ducted by. combining:



1. a nonsimilar sclution essentially valid near the wall in the jet region,
which takes into account the upstream velocity decay of the jet flow field.

2. a station by station similar solution dependent on the local external

stream conditions
B. Solution
The locally similar solution is considered first. Under the similarity

assumption, the new dependent and independent variables are introduced in the

usual way (Ref. 5)

-1
n = % go *
~I ou
o) p1ul

‘ L
§ = pyuq X 802 f(n)

where the subscript 1 and 2 denote the higher and lower momentum external streams
and x is measured from the upstream penetration point, In the previous defini-
tions the eddy viscosity is assumed to be proportional to x through a factor ¢o
which is different for different eddy viscosity models.

In these variables, using the Croccolintegral of the energy equation, the

. - u t . .
unknown function u = 3 and g = T are determined from the following system of
1 o1
equations.

u = gf'
gu" - g' u! +1g2 fu' =0 &)
g =1+3B (@-1) - C(G2-1)

where B and C are functions of the external stream properties. The physical

problem under consideration is now reexamined in order to define the appropriate



boundafy conditions for the ordinary differential equations system (4). The wall
boundary layer, however determined in the establishment of the flow field con-
figuration, caﬁ be neglected in the mixing region calculation, if the height of
the injection system is large with respect to the boundary layer thickness in the
immediate vicinity of the jet. Assuming this approximation vélid, the wall can
be‘considered as a flow field streamline. Two of the three necessary boundary
conditions are imposed, as in the case of mixing between coflowing streams, at
plus infinity and at the dividing streamline. The dividing streamling can be

considered, without loss of generality. The axis q = 0, and its position

determined later on. The two conditions are expressed by
for o (5)
=0 form =0 (6)

The third boundary condition is imposed, not at minus infinity as in the case of
mixing between coflowing streams, but at a free boundary mo determined by the
condition that the stream function is again zero. In fact, when mixing occurs
between counterflowing streams the lower momentum must be considered finite,
since it reverses completely in the direction of the higher momentum stream.

The third condition is expressed by

u = u, for n = ﬂo ) (7)

where mo is determined by the integral condition

f=fﬂ°~—— dp = 0 | (8)



The ordinary differential equation system was solved numerically with a quasi-
linearization techmique (Ref. 6). Numerical results are shown in Figs. 8, 9,

and 10 for different ratios of ul/uz. The velocity profiles are different from
the coflowing streams case, intparticular, they are extended farther in the
negative side of the n axis, and consequently also the value of the normal velocity
component, Vv, isvlarger.as can be expected because of the reverse flow. The
position of the dividing streamline is finally determined imposing the condition
that the position of the wall corresponds to qn = N The above similar solution
cannot take into account the influence of the initial profile and cannot give

the decay of uj with the upstream distance from the jet. To improve the solution
the nonsimilarity of the problem must be kept in the equations‘that afe, however,

linearized to obtain an analytical solution:~—-Accordingly, to the-improved Oseen

linearization (Ref. 7) the momentum or energy equations are reduced to the form

* 3p . 2 (. 3}
(w) 3x = 3y (es ay> (%)

s

where (pu)“ is an approximate average value determined in such a way that the
approximation gives the minimum error, and the symbol p indicates either velocity
or total enthalpy. With the hypothesis that pe is only a function of x, the

Eq. 9 can be reduced to the heat transfer equation form

2
L- 23 (10)
oy
where the variable £ is defined as
* 0
g = jo (EE)* dX . (11)

10



The initial condition is specified differently for the total enthalpy and for the

velocity field

p(3,y) = w3,y , (12)

and the boundary conditions are

P =P, for y » = (13)
fe) £ =0 A
e or ¥y (14)

The last condition is valid for the velocity field sclution in the hypothesis,
previously made, that the wall boundary layer is neglected and the wall is a
streamline (in particular a centerliné streamling). For the total enthalpy field
solution the adiabatic wall condition (14) approximately represents the present
experimental conditions (thin skinned model) and. therefore is the more appropriate
to compare the present calculations with the experimental results. The solution
of the equation (10) and boundary conditions (12,13 and 14) and be expressed in

the form (Ref. 8).

£
p(E,¥) = pe+ | [w(y')-pe] 6(y,y',E)dy’
o
where the Green function G(y,y',E) associated with the system is given by-

| 1o, ety y=y'y?
=) = e - + 4~
0.y = 5 (o (FE) 74 »(2@% )]
Results for particular values of the initial velocity and total enthalpy profiles

are reported in Ref. 4. An appropriate value df”(pﬁ)?‘must be defined—in order to

return from the transformed ﬁlane (€,y) to the physical plane (x,y) the value

1

()= pyu, (o)

was adopted to have good approximation in the jet region. This linearized ‘

solution is not strictly valid far away from the jet region, therefore it was

11



used only as a guide in selecting the similar profile valid at each particular

axial station, by matching the u., of the similar solution with the velocity

1
u(x,0) of the nonsimilgr sclution. 1In this way .the ﬁonlinearity of the original
equations is retained through the similar solution, and the local similarity con=-
cept is applied to describe station by station, the entire mixing region of the
flow field.

C. Results

Numerical results for this solution were calculated with the eddy viscosity
model suggested in Ref. 9. As an example, the velocity flow field, consisting of
the velocity profileé and the dividing streamline, in one particular condition,
is shown in Fig. 11. The flow field structure is well reproduéed (from a quali-
tative point of view). The agreement with the experimental results is fairly
good for the shape of the dividing streamline while the penetration length is not
predicted as well (Fig. 11). The theoretically predicted cooling effectiveness,
and therefore the wall temperature, is shown in Fig. 12 as a function of the
parameter y defined in (1). The predictions compared with the experimental
measured‘values are in good agreement in the range 30 < y < 70.

The discrepancies between the experimental results and the theoretical
model are due to the approximations adopted. The floﬁ in the region of the
dividing streamline near the wall is much more complex than it has been assumed
in the analysis. The theoretical model can be improved by considering the effect
of the wall boundary layer neglected in this analysis and possibly using an eddy
viscosity model more appropriate to this problem. However, the model provides a
very simple means of predicting the flow field's major features in a satisfactory

way.

12



V. CONCLUSIONS

The flow field résulting from the interaction of an upstream facing wall
jet with a supersonic counterflowing stream, has been studied. An éxperimental
investigation has been conducted to clarify the physical phenomena and to de-
tgrmine the flow field gharacteristics for different ranges of the main para-
meters. A flow field model was determined from the experimental observations
for both subsonic and supersonic jet conditions. The jet penetration distance
and the degree. of interaction between the two streams are the most relevant
physical quantities in the determination of the flow field structure. The results
show:

a. large penetration distances in the case of high subsonic or low super-

sonic }et,
b. large interaction forces for higher supersonic injectioﬁs.
In the first case the mixing between the two counterflowing streams essentially
governs the flow field configuration. A theoretical analysis was performed to
study this region. The theoretical predictions, obtained by appiying a locally
similar solution, reproduce the flow field's ma jor features in a satisfactory
way. The cooling effectiveness correlated as a function of a product of powers
of the main parameters, suggests the possibility of the use of the upstream in-

jection scheme for cooling applications.
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